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Abstract 

The results of a measurement of the proton spectra following the Non-Mesonic 
Weak Decay of ^He, j^Li and j^C are presented and discussed. The experiment was 
performed at the (e + e~) collider DA$NE at Laboratori Nazionale di Frascati of 
INFN. 

It is the first measurement for ^Li, and for all the spectra the lower limit on 
the energy of the protons is 15 MeV, never reached before. All the spectra show a 
similar shape, namely a peak at around 80 MeV as expected for the free Ap — > np 
weak reaction, with a low energy rise that should be due to Final State Interactions 
and/or two-nucleon induced weak processes. The decay spectrum of ^He is somehow 
similar to the ones reported by previous measurements and theoretical calculations, 
but the same doesn't happen for the ^ 2 C one. 

Key words: Hypernuclei; Non-Mesonic Weak Decay; Proton spectra 
PACS: 21.80.+a Hypernuclei, 13.75.Ev Hyperon-nucleon interactions 



1 Introduction 

The importance of the Non Mesonic Weak Decay (NMWD) of Hypernuclei 
was recognized since the early days of Hypernuclear Physics pQ. It is the most 
spectacular example of Nuclear Medium modification (denned by variation of 
the intrinsic properties of an elementary particle when embedded in a nucleus), 
even though such a feature was scarcely emphasized. Furthermore it is the eas- 
iest way to get information of the four baryon weak process AM — > MM. 
In spite of these very appealing features, the process of NMWD of Hyper- 
nuclei has been scarcely studied on the experimental side for a few decades, 
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essentially due to experimental difficulties. Indeed it was not only necessary 
to identify Hypernuclei in their ground states (using a magnetic spectrome- 
ter) but also to detect and measure the energy of the emitted protons and 
neutrons. 

The first complete measurement was performed in 1991 by Szymanski et al. 
[2 J at BNL using the (K~ ,tt~) reaction at 800 MeV/c to produce and tag ^He 
and ^ 2 C hypernuclei, with limited statistics. Proton spectra emitted from \ 2 C 
formed through the (n + ,K + ) reaction with tt + of 1.05 GeV/c at KEK were 
measured by Noumi et al. [3]- 

However, the largest amount of data on NMWD was produced by the SKS 
Collaboration at KEK. The (tt + ,K + ) reaction was used to produce abun- 
dantly Hypernuclei in their ground state, identified by the SKS spectrometer 



The main emphasis on the recent mesurements performed with the SKS spec- 
trometer was on the experimental determination of the ratio of the neutron 
induced NMWD width T n to the proton induced one T p . There has been a 
long standing "puzzle" concerning the T n /T p ratio. The values reported by the 
former experiments, even though with large errors, were close to or larger than 
one, whereas the simple one-pion exchange model with AI=l/2 rule foresaw 
values one order of magnitude lower. In [5] a value of about 0.5 was measured 
in agreement with recent theoretical values obtained with improved one-meson 
exchange models [10] and direct-quark exchange mechanism [llj. Quite recent 
review articles on the subject are due to Outa [12] for the experimental aspects 
and to Alberico and Garbarino [13j for the theoretical approaches. 
It must be noticed that, if on one side the most important questions on NMWD 
were qualitatively solved, discrepancies still exist between theory and exper- 
iments. As outlined by Bauer et al. [H] the experimental proton spectra are 
incompatible with those evaluated from theoretical models. For this reason 
we have done an analysis of the proton spectra from NMWD of ^He, j^Li and 
\ 2 C taking advantage of the main features of the FINUDA spectrometer, i.e. 
the trasparency, the use of thin nuclear targets and the measurement of the 
proton energies by magnetic analysis. A preliminary analysis of the data for 
^ 2 C was already published [13] . 



2 Experimental and analysis techniques 

The experiment was performed with the FINUDA spectrometer installed at 
one of the two interaction regions of the (e + e - ) collider DA$NE at LNF. 
Details of the detector can be found in p^6lfT7] . 

The present analysis was done on events collected in the 2003-2004 run (for 
a total integrated luminosity provided by the collider of 190 pb _1 ) from three 
12 C targets and in the 2006-2007 run (for a total integrated luminosity pro- 
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vided by the collider of 960 pb -1 ) from two 6 Li targets and two 7 Li targets. 
The thicknesses of the targets were 4 mm for 6 Li (90 % enriched) and 7 Li (nat- 
ural isotopic composition) targets and 2mm for 12 C targets (natural isotopic 
composition). 

The best momentum resolution achieved up to now for from Hypernuclei 
formation (p w — 260-280 MeV/c) 

K; top + A Z Z + n- (1) 



is 0.5% FWHM [T6] . However this resolution was obtained with top quality 
tracks that were identified by four points (long tracks) given by the tracking 
detectors immersed in the 1.0 T magnetic field provided by the superconduct- 
ing solenoid of FINUDA. In the analysis of the proton spectra from NMWD 
we required the presence of two particles emitted in coincidence, a 7r~ carry- 
ing the information of the hypernuclear state (ground state or excited state 
containing a hypernucleus of lower mass in the ground state) and a proton 
coming from the same K~ interaction primary vertex. 

In the preliminary analysis [15J we required long tracks for the determination 
of the momenta of both ir~ and proton, but we relaxed the criteria for their 
quality. As a consequence the momentum resolution worsened by a factor of 
~2 for 7r~ around 250 MeV/c and protons around 400 MeV/c. On the other 
hand, the statistics on the inclusive tt~ spectra increased by a factor 6. Fur- 
thermore only protons with momenta larger than 200 MeV/c, corresponding 
to an energy threshold of 25 MeV could be detected. The acceptance function 
for protons was calculated with simulated tracks and taking into account only 
geometrical effects. 

In the present analysis we required for the measurement of the proton mo- 
menta even tracks reconstructed by means of three points only (short tracks) 
provided by the inner detectors (two arrays of Si microstrip detectors and the 
two layers of Drift Chambers) [18]. The threshold on the detection energy of 
protons was then lowered to 15 MeV. 

Particular care was devoted to the determination of the acceptance function, 
in particular for low energy protons, which suffer large energy losses in the 
thin materials they cross along their path (windows of detectors, targets,...). 
In [15] the acceptance function was calculated for simulated tracks and tak- 
ing into account only the geometrical effects. The new acceptance function, for 
each target, was evaluated taking into account, besides the geometrical effects, 
the efficiency of the FINUDA pattern recognition, the trigger request and the 
quality cuts. The particle identification (PID)for protons was performed by 
using the information from the Si microstrip arrays and the Drift Chambers. 
The measured PID efficiency for protons was 95%. 
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3 Experimental results 



Figfj] shows the inclusive ir~ spectra measured on the 6 Li, 7 Li and 12 C targets. 
The black areas indicate the regions in the 7r~ spectra (6 MeV/c range) where 
we expect formation of (|He g . s .+p), ^Lig.s. and A 2 C g . s .. A further requirement 
that improves the signal to background ratios, with respect to the spectrum 
obtained in [15J, is that of a distance less than 3 mm between the primary 
vertex (interaction of the K~) and the secondary vertex of the free S~ hyperon 
decay process: 

£~->n + 7r~ (2) 



which constitutes the physical background below the peaks due to Hypernu- 
clei formation. We will return on this point later. 
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Fig. 1. Inclusive momentum spectrum of ir emitted from a) 6 Li targets, b) Li targets 
and c) 12 C targets. 



FigfS] shows the tt~ spectra when a proton, reconstructed accepting both long 
and short tracks, is required to be emitted in coincidence from the primary 
vertex of interaction. The black areas represent the ir~ momentum region (6 
MeV/c wide) corresponding to the formation of the aforementioned \He, \Li 
and \ 2 C Hypernuclei. 
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Fig. 2. Momentum distribution of negative pions detected in coincidence with a pro- 
ton from a) 6 Li b) 7 Li and c) 12 C targets. The black regions corresponds respectively 
to a)^He, b) ^Li and c) \ 2 C g.s. formation. The inset in b) shows the region corre- 
sponding to the formation of (^He+d) system (black area) with the corresponding 
calculated background (grey area). 

Fig J3] shows the acceptance corrected proton energy spectra (dots) detected in 
coincidence with a 7r~ of a momentum in the above mentioned windows. 



The raw proton spectra exhibit a similar shape for j\Li g . s . and A 2 C gs . (FigJSb 
and[3fc respectively), with a maximum at about 80 MeV, roughly half of the Q- 
value for the AM —> MM reaction (156 MeV), whereas that for ^He g . s . shows 
a camel-back double humped structure, with a second maximum around 120 
MeV. 7r _ 's with momenta larger than the kinematical limit for the Hypernu- 
clei production reaction are mainly due to the K~(np) — > X~£> absorption on 
correlated nucleons in the absorbing nucleus, followed by S~ decay in flight 
(J2J) occurring at distances smaller than 3 mm. Out of the several processes 
that lead to a continuous spectrum of tt~ observed in K~ absorption at rest, 
this one is the only one affecting the region of the bound states of Hypernu- 
clei. It was suitably parametrized [16] and the grey areas below the spectra of 
Fig[5]^b,c) represent the result of a Monte Carlo simulation corresponding to 
4 x 10 6 events. The simulated events were selected with the same criteria of 
the real data. 

The errors on each bin of the simulated spectrum are one order of magni- 
tude lower than those on the measured spectrum. The simulated spectra were 
normalized to the experimental ones for tt~ momenta larger than 278 MeV/c 
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Fig. 3. Experimental, acceptance corrected, proton spectra for a)^He, b) 7 A Li and c) 
(dots); triangles:energy spectrum of the protons coming from the background 
reaction calculated as described in the text. 



(^Li) and 276 MeV/c (a 2 C). The agreement between the simulated and exper- 
imental spectra is very good (% 2 /d.o.f equal to 1.3 for ^Li and x 2 /d.o.f= 1.2 
for\ 2 C). 

The triangles in Figj3] show the acceptance corrected proton spectra coming 
from the two-nucleon absorption mechanism, evaluated by the Monte Carlo 
simulation program and corresponding to tt~ with momentum in the ranges 
(270-276) MeV/c for f C and (272-278) MeV/c for ^Li. The final proton 
spectra after the background subtraction are shown in FigH](b,c). 

The subtraction of the two nucleon absorption mechanism for 6 Li cannot be 
done satisfactorily by using the model valid for the other nuclei. Indeed it is 
well known that in many reactions 6 Li behaves like an (a+d) molecule, and this 
cluster substructure has to be taken into account in the simulation. We verified 
this feature in a previous work [19] and we modeled the K~ (np) absorption 
process taking into account the momentum distribution of the deuteron inside 
6 Li taken from [20J. The result of this simulation is represented by the grey 
area of FigS^, normalized to the experimental spectrum beyond 278 MeV/c. 
A reasonable agreement is observed (x 2 /d.o.f= 1.4). The simulated proton 
spectrum, acceptance corrected, corresponding to tc~ emitted in the (272-278) 
MeV/c range (black area of Figf2^i is represented by the triangles of Figj3^ 
and the final background subtracted spectrum is represented by Fig3Ji. 
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Fig. 4. Proton energy spectrum after the background subtraction from NMWD of 
a) A He, b) A Li and c)f C 

A closer inspection of the ir~ momentum spectrum observed for 7 Li with a 
proton coincidence shows a hint for a peak, centered around 269 MeV/c, i.e. 
6 MeV/c below the 7r~ peak corresponding to the A Li formation, and labeled 
by the black area in the inset of Figf2b- The hypernuclear systems that can be 
produced stopping a K~ in a 7 Li target are the following: A Li, ( A H + p), ( A He 
+ d), ( A He + t) and ( A H + a). From the Hypernuclear Mass Tables we find 
that, after A Li with a mass m= 6711.6 MeV the lowest hypernuclear system 
is found for the ( A He + d) system with m=6715.57 MeV. Therefore the black 
peak can be assigned to the reaction: 

^ op + 7 Li^|He + rf + 7r- (3) 



The maximum momentum of the 7r~ emitted in ([3]), back-to-back to the ( A He 
+ d) system is 272.67 MeV/c. Looking at the inset of FigfSJo the end point 
of this second peak is exactly at 272 MeV/c. Furthermore, by calculating the 
difference in binding energy Ba between the ( A He + d) and ^Li formation 
corresponding to the emission of a 7r~ with respectively 269 and 275 MeV/c 
momentum (central values of the two peaks in the experimental spectrum) a 
value A5a=3.98 MeV was obtained, fully consistent with the experimental 
determination [21]. This observation suggested us that the proton spectrum 
measured in coincidence with a 7r~ in the momentum region of the 7r~ peak la- 
beled by the black area of the inset of Figj2b is that due to the NMWD of A He. 
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The experimental proton spectrum, acceptance corrected, is shown in FiglHK 
The dots represents the simulated proton spectra obtained as previously de- 
scribed. The final background subtracted spectrum is shown by FigJSb. 
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Fig. 5. a): experimental, acceptance corrected, proton spectrum obtained from 
NMWD of ^He as obtained from the 7 Li targets (dots); triangles: acceptance cor- 
rected proton spectrum coming from the background reaction calculated as de- 
scribed in the text. b):Proton energy spectrum from NMWD of ^He ( Li targets) 
after the background subtraction. 

The comparison of the proton spectra corresponding to the NMWD of |He out 
from the 6 Li and 7 Li targets (FigHK and Fig^b respectively) shows that they 
are the same within the errors. The Kolmogorov-Smirnov (K-S) test applied 
to these data gives a value of compatibility at a confidence level (C.L) of 95%, 
meaning that the spectra are fully compatible and can be added safely. The 
sum of the spectra is shown in Figj6] 
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Fig. 6. Total proton energy spectrum of ^He obtained adding the spectrum from 
7 Li targets analysis (Figj5b) and the one from the analysis of 6 Li targets (FigJJh). 



4 Discussion of results and conclusions 



As mentioned in the Introduction, proton spectra from NMWD of |He and ^ 2 C 
were already studied experimentally [2|3f61[7] and theoretically [T0|13l)14ll22] . 
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For A Li there are no measurements nor theoretical calculations, in spite of the 
fact it is the best known Hypernucleus from the spectroscopic point of view 
[2T]. The proton spectra from NMWD of |He, figEJ A Li, figgb, and fC, figgb, 
show a similar shape, i.e. a peak around 80 MeV, corresponding to about a 
half the Q-value for the free Ap np weak reaction, with a low energy rise, 
due to the final state interactions (FSI) and/or to two nucleon induced weak 
decays [15113122] . 

This observation doesn't allow us to extract the proton decay width T p from 
the experimental data. We may give the ratio R p of the total number of protons 
with energy larger than 15 MeV to the total number of produced Hypernuclei. 
We evaluated R p by the simple formula: 

^detected 

fy? = AJdetectedZ (^) 
1 v hyp t P 



in which N p etected and N^ P are, respectively, the number of protons and 
of hypernuclei derived from the experimental spectra after the background 
subtraction and e p is the global acceptance of the FINUDA apparatus for 
protons. It was evaluated as outlined in Section 2. We underline the fact that 
we could safely use the very simple relationship for the evaluation of R p 
thanks to the use of very thin targets and of a transparent detector. On the 
contrary, in previous experiments [2,3 : 6,7J thick targets were used to improve 
the statistics with the consequence that many corrections had to be applied. 
The results are reported in Table [TJ The errors reported in Tabl^U are the 
statistical ones. We estimated that the systematical error is lower than 5%. 



Target 


Hypernucleus 


R p 






(energy>15 MeV) 


12 C 


12p 
A u 


0.43±0.07 


6 Li 


iHe 


0.28±0.09 


7 Li 


iLi 


0.37±0.09 


7 Li 


iHe 


0.21±0.12 


weighted mean 






of 6 Li and 7 Li 


iHe 


0.25±0.07 



Table 1 

R p values calculated by means of the relation The reported errors are statistical 
only. 



FigEk shows the comparison of our spectrum for A He with the one by Okada 
et al. [6] . The two spectra were normalized beyond 35 MeV (the proton energy 
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threshold of [6]). The (K-S) test applied to the two data sets provides a C.L. 
of 75%. 




Fig. 7. a)dots: FINUDA proton spectrum from proton-induced NMWD for ^He; 
triangles: result achieved for the |He at the KEK experiments; the two spectra 
are normalized to areas beyond 35 MeV. b) Dots: experimental proton spectra of 
^He; continous histogram: theoretical calculation for the proton energy spectrum 
of ^He performed with the addition of the FSI contribution. The two spectra are 
normalized beyond 15 MeV. 



FigEb shows the comparison of our spectrum with the theoretical one cal- 
culated by Garbarino et al.[22j. The two spectra were normalized beyond 15 
MeV (our proton energy threshold). The K-S test applied to the two data 
sets provides a C.L. of 80%. We may conclude that there is a disagreement 
between the two experiments and with the theory, even though not so severe. 

The situation for ^ 2 C is completely different. Fig[8k shows the comparison of 
our spectrum with that by Okada et al.[6]: the two spectra were normalized 
beyond 35 MeV. 




Fig. 8. Comparison between the proton spectra from NMWD of 1 C measured by 
a) FINUDA and Okada et al.[6] normalized beyond 35 MeV; b) comparison between 
the FINUDA spectrum and the theoretical calculation performed by Garbarino et 
al. [22] normalized beyond 15 MeV. 
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The K-S test applied to the two data sets provides a C.L. of 20%. Fig [Bb 
shows the comparison of our spectrum with the theoretical one calculated by 
Garbarino et al.[22j. The two spectra were normalized beyond 15 MeV. The 
K-S test applied to the two data sets provides a C.L. of 5%. The conclusion 
is that there is a strong disagreement between the two experiments and with 
the theory. 

Concerning the discrepancy between the two sets of experimental data, we may 
remark that in [6j the proton energy was measured by a combination of time-of- 
flight and total energy deposit measurements. The energy loss inside the thick 
targets was corrected event-by-event. The energy resolution became poorer 
in the high energy region, especially above 100 MeV, with the consequence 
that the spectra could be strongly distorted. On the contrary with FINUDA 
the proton momenta are measured by means of a magnetic analysis, with 
an excellent resolution (2% FWHM) and no distortion at all on the spectra is 
expected, in particular in the high energy region. We believe that our spectrum 
is the genuinely undistorted one, even though with a limited statistics. 

The spectra for ^He, ^Li and \ 2 C look quite similar, in spite of the large mass 
number difference of these nuclei. If the low energy rises were predominantly 
due to FSI effects, one should naturally expect that the broad peak structure 
at 80 MeV (coming from clean Ap — ► np weak processes broadened by the 
Fermi motion of nucleons) would be smeared out for the heavier nuclei. 

Another effect that should be the origin of the low energy rise is a large 
contribution of the two-nucleon induced weak process Anp — ► nnp [T31l2"2] . If 
the weak decay Q-value (160 MeV) is shared by three nucleons, a low energy 
rise may exist even for the very light s-shell hypernuclei. Our data seem to 
agree with the hypothesis of a substantial contribution of the two-nucleon 
induced NMWD. Indeed recently Bhang et al.[23] suggested a contribution 
of the two-nucleon induced weak decay process as large as 40% of the total 
NMWD width for \ 2 C. However, in order to strengthen this conclusion, there 
is an urgent need for more data on more medium-A nuclei with much more 
statistics. 

We are grateful to Dr. G. Garbarino for useful discussions and a critical reading 
of the manuscript. 
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